The feasibility of the Depressurization of an Expanded Liquid Organic Solution (DELOS) method to process different active pharmaceutical ingredients (APIs) as finely divided powders with narrow particle size distribution, high crystallinity degree, high polymorphic purity, and free from residual solvent has been demonstrated. Cholesterol, acetylsalicylic acid (aspirin), naproxen, acetaminophen, and ibuprofen were chosen as model drugs. It has been demonstrated that the supersaturation ratio attained during crystallization from CO 2 -expanded solvents can be modulated through appropriate variations of process parameters  CO 2 content and concentration of the initial solution. In view of the potential application that compressed fluidsbased technologies have in the pharmaceutical industry, a preliminary scalability study of the process in compliance with the constraints imposed by the Good Manufacturing Practices (GMP) specifications is presented herein.
INTRODUCTION
The 21st century challenge in the pharmaceutical industry does not exclusively focus on the development of new therapeutic molecules but is also concerned with the search for better delivery routes and combined formulations to increase bioavailability of already developed drugs. Development of new drugs is expensive, risky, and slow, taking up to 15 years to obtain full accreditation, so pharmaceutical companies are keen to investigate new formulations that can deliver or target existing drugs more effectively. Among others, one strategy consists of the preparation of active ingredients as micro-and nanoparticulate solids, since the therapeutic activity of pharmaceutical entities is related to the chemical structure but also to physical factors such as crystallinity, polymorphism, and particle size. Effective administration of the majority of new developed pharmaceutical drugs is related to the control over their pharmacokinetic properties through physical modification.
1 Fine particles with a narrow particle size distribution, which have a high surface area, generally increase the bioavailability and dissolution rate of pharmaceuticals. 2 For example, drugs administered orally are limited by its dissolution rate in the gastrointestinal tract. In addition, prescribed doses can be reduced by improving the drug dissolution rate in the biological environment.
3 Therapeutic compounds in the form of micropowders offer convenient and controllable delivery by subcutaneous, intramuscular, topical, and intestinal modes. Controlled particle characteristics also create opportunities for alternative delivery systems to be explored, such as powder injection (a needle-free technique for the transdermal delivery of micronized drugs). 4 Particle size is one of the critical factors for the determination of appropriate administration routes. The ideal micrometer-sized pharmaceutical should retain the original crystallinity, polymorphism, and chemical activity of the raw material and should be in the form of free-flowing, nonaggregated, monodispersed, and polymorphically pure powder.
Standard procedures for generating particulate solids are usually multistep processes consisting of a precipitation/ crystallization followed by additional downstream steps for particle size reduction and homogenization. Even though these methodologies are still the most used, they are not always adequately responsive to market and clinical demands because of undesired product transformations (i.e., polymorphic transitions), inapplicability to thermolabile or waxy materials, low batch-to-batch reproducibility, and complex scale-up. Besides, crystallization/precipitation from liquid solvents is limited by the low control over particle size distribution and also by the difficulty of complying with residual solvent acceptable limits imposed by regulatory agencies, for example, ICH Guidelines or pharmacopoeias. 5 Many industrial solvents are not only hazardous (toxic, flammable, etc.), but their full recovery and recycling are often not easy. In recent years, several particle formation techniques based upon the utilization of compressed fluids (CF) as crystallization media have been developed. 6−8 Most of these technologies have in common the use of CO 2 as CF since it is nontoxic, nonflammable, cheap, and easily recyclable. Among these, in the past decade we have reported the Depressurization of an Expanded Liquid Organic Solution (DELOS) process, which involves the use of a CF for the one-step production of micrometer-sized and sub-micrometer-sized crystalline particles of high polymorphic purity and morphological homogeneity. 9−11 The driving force of this crystallization process is the fast, large, and extremely homogeneous temperature decrease experienced by a solution of the compound to crystallize in an organic solvent expanded with a CF, when it is depressurized from a given working pressure to atmospheric pressure. This method presents a new and interesting route for pharmaceutical particle formation which avoids most drawbacks of traditional methods. The methodology is shown in Figure 1 and has been extensively described elsewhere.
9−11
The first step of this process consists of the dissolution of the drug in a conventional organic solvent, at atmospheric pressure and working temperature (T W ), to form a solution with an initial concentration C I . Second, the initial solution is pressurized up to the working pressure (P W ) by the addition of a given amount of CO 2 , expressed by the CO 2 molar fraction of the mixture "organic solvent/CO 2 " (X W ). In this second step, the solute concentration (C W ) should remain below the saturation limit in the CO 2 -expanded mixture, that is, the solute is soluble in the CO 2 -expanded mixture showing a single liquid phase. In the third step, the solution is depressurized from the working pressure P W to atmospheric pressure, through a nonreturn simple valve. During this depressurization step, the CO 2 evaporates very rapidly from the solution producing a large, fast, and extremely homogeneous decrease of the solution temperature down to a final temperature, T F . Differently from conventional cooling crystallization processes, it can be assumed that in this case, T F is reached before primary nucleation takes place and therefore, as schematized in Figure  1 , the initial solute concentration is re-established (C F = C I ) during this third step. The consequence of this abrupt temperature decrease ΔT (ΔT = T F − T W ) is a fast, pronounced, and very homogeneous increase of the supersaturation all over the solution  C F becomes higher than the solute solubility in the conventional solvent at the final temperature, C F S  causing the precipitation of finely divided crystalline powders with narrow particle size distribution. Under the conditions of the DELOS crystallization, it could be considered that the difference between C I and C F S , ΔC (ΔC = C I − C F S ) is the maximum supersaturation achieved and the supersaturation ratio can be calculated as S = C I /C F S . Thus, the higher ΔC, the higher the maximum supersaturation attained, and more favored will be nucleation over crystal growth, provoking the crystallization of small particles. 12 In the present work, we demonstrate the feasibility of producing micrometer-sized particles using this process, with narrow particle size distribution and high polymorphic purity, of five different pharmaceutical active ingredients. In the first part, the relationship between process parameters carbon dioxide content X W and initial concentration C I , with the crystallization conditions achieved during the depressurization of the CO 2 -expanded solution (final temperature T F and solubility at final temperature C F S ), is described. In the second part, the crystallization outcome (yield and particle size) is discussed in relation to the supersaturation ratio S attained in the third step due to the abrupt and homogeneous temperature decrease. The specific weight of process parameters C I and X W on the supersaturation ratio and therefore on particle characteristics has been studied, and a procedure to predict the parameter importance, related to drug solubility behavior, is presented. Aspirin (ASP) and acetaminophen (ACPH), as analgesic and antipyretic compounds, ibuprofen (IBU) and naproxen (NAP), as nonsteroidal anti-inflammatory agents, and cholesterol (COL), as a steroid model compound, are the drugs chosen to carry out this study (Scheme 1). These drugs show distinct lipophilicity degrees and large differences in water solubility, being therefore representative of different types of pharmaceutical active compounds. Particle size distribution, morphology, crystallinity, and crystalline nature of the powders obtained have been characterized. In relation to the industrial viability of the process, a desirable manufacturing method for the processing of APIs should be easily scalable, economically viable, and easily compliant with the restrictions of Good Manufacturing Practices (GMPs). Because of this, the process studied has emerged as a promising green, scalable, and industrially viable methodology, as the results of a very recent study show, 13 which are summarized in the final section. Figure 1 . Acetone or ethanol was employed as conventional organic solvents. Experimental apparatus and procedures used to perform crystallization experiments are described in detail in previous works. 9−11 A known volume of a solution of the API in an organic solvent, of known initial concentration C I was loaded in a labscale high-pressure vessel (300 mL). During all experiments the working temperature T W was kept constant. The initial solution was then pressurized up to the desired working pressure P W by addition of a given amount of CO 2 , X W . After leaving the system under the same conditions for 30−60 min to achieve complete homogenization and thermal equilibration, the solution was depressurized over a nonreturn valve from P W to atmospheric pressure. When the solution depressurization started, the temperature, registered after the depressurization valve, decreased suddenly until reaching a constant value. This final temperature value was taken as T F and the temperature decrease was calculated as follows: ΔT = T F − T W . The precipitated particles were recovered on a filter (pore size 200 nm). After filtration the recovered particles were dried with a CO 2 flow at 40 bar for 30 min. (20) sorbitan monooleate (Tween 80) was employed as a dispersing medium in cholesterol, naproxen, and ibuprofen measurements, whereas a high-boiling point petroleum fraction was used in aspirin and acetaminophen particle size determinations. Particles morphology was observed using a HITACHI model S-570 scanning electron microscope (SEM). Powder X-ray diffraction analyses were performed using a RIGAKU DS5000 diffractometer to ascertain if changes in crystallinity and polymorphism occurred after drug processing. For each sample, powder X-ray diffraction patterns were collected during 1 h between 2θ angles of 3 and 40. Thermogravimetric analyses (TGA) were performed to evaluate residual solvent amounts in the processed samples. These analysis were recorded with a STA 449-F1 Jupiter (NETZSCH), using the NETZSCH Proteus software. Samples of Temperature decrease, ΔT = T F − T W .
MATERIALS AND METHODS
f C F S is the solubility of the compound in the organic solvent at T F . These solubilities were measured gravimetrically.
approximately 15 mg were weighed into 100 μL aluminum pans and heated at 5 K min −1 from 298 to 380, 443, and 473 K for ibuprofen, aspirin, and naproxen, respectively, under nitrogen (60 mL/min).
RESULTS AND DISCUSSION
3.1. Crystallization Conditions of Aspirin, Cholesterol, Naproxen, Ibuprofen, and Acetaminophen. Table 1 summarizes the operating conditions of crystallization experiments of model drugs aspirin (ASP), cholesterol (COL), naproxen (NAP), ibuprofen (IBU), and acetaminophen (ACPH). For each experiment is shown the final temperature T F achieved during the depressurization, when the crystallization occurs, and the solubility of each compound at T F (C F S ), which allows the calculation of the corresponding absolute supersaturation ΔC and the supersaturation ratio S achieved. Aspirin and cholesterol were processed at different values of initial concentration C I and CO 2 molar fraction X W . The effect of these parameters on the supersaturation generated and hence on particle size is discussed in section 3.2.
Appropriate operating conditions C I and X W were chosen according to solubility behavior of the different drugs in the corresponding "organic solvent/CO 2 " mixtures, so that in the second step of the process the CO 2 -expanded mixture presents a single liquid phase; see Figure 1 . For achieving successful crystallizations, experiment conditions must ensure the preservation of the experiments in the liquid region of the system, along or close below the solubility curve. The solubility curve of aspirin in CO 2 -expanded acetone, 14 and working conditions of experiments ASP2 and ASP3 are represented in and ASP3 are situated along the solubility curve. Solubility curves of aspirin in CO 2 -expanded ethanol, and those of cholesterol, naproxen, ibuprofen and acetaminophen in the corresponding CO 2 -expanded solvents are described in previous work. 15 −18 As shown in Table 1 , the higher the CO 2 content in the mixture (X W ), the higher the temperature decrease (ΔT) achieved. The explanation for this is the following. In the depressurization step, CO 2 evaporates and takes the heat required for its vaporization from the organic solution in which it was dissolved, causing an abrupt temperature decrease. Therefore, increasing the CO 2 amount in the mixture results in an increase of the heat required for the CO 2 phase change, and thereby a larger solution temperature decrease, ΔT, is observed. 9−11 In contrast with conventional cooling crystallizations, the temperature decrease in a DELOS process is ideally homogeneous, since the extension of the CO 2 evaporation is exactly the same throughout the solution, causing an extremely homogeneous increase of the supersaturation over all the solution. The large supersaturation, rapidly and homogeneously achieved, is the reason why micrometer-sized powders with low polydispersitivity are obtained. The table also shows for each experiment the corresponding API solubility in the organic solvent at the depressurization temperature (C F S ). The high solubility variation from T W to T F generates a supersaturation of the solution and the crystallization of the drug particles.
Experiments ASP1-ASP2 and CHOL1-CHOL2 show that for given operating conditions, increasing X W results in an increase of ΔT. In experiments ASP1-ASP2, an increase in X W from 0.40 to 0.47 results in an increase in ΔT from −27 K to −33 K. Experiments COL1-COL2 show that increasing X W from 0.50 to 0.64 results in an increase from −50 K to −60 K in ΔT. Since in these conditions the solubility decreases with a decrease of the depressurization temperature, the absolute supersaturation and the supersaturation ratio achieved in ASP2 (ΔC = 0.022 mol/mol; S = 1.5) and CHOL2 (ΔC = 0.0048 mol/mol; S = 17) are higher than in ASP1 (ΔC = 0.014 mol/ mol; S = 1.3) and CHOL1 (ΔC = 0.0045 mol/mol; S = 9) respectively. In conclusion, increasing the CO 2 content results in an increase of the supersaturation attained in the crystallization experiments. The solubility variation with temperature depends on the compound and solvent nature. Aspirin solubility in acetone decreases linearly with temperature in the range from 250 to 300 K, while cholesterol solubility in ethanol shows an exponential behavior, and no significant solubility variation is observed below 275 K (see Figure 5) .
On the other hand, experiments ASP3-ASP4 and CHOL3-CHOL4 were performed at different initial concentrations C I , keeping constant the rest of the operating parameters. As experiments ASP3-ASP4 show, increasing the initial concentration from 3.5 × 10 −2 mol/mol to 5.2 × 10 −2 mol/mol provokes an increase of the supersaturation ratio S from 1.3 to 1.9. Regarding cholesterol crystallization experiments COL3-COL4, increasing C I from 2.6 × 10 −3 mol/mol to 3.8 × 10
mol/mol also results in an increase in S from 9 to 13. Therefore, increasing the initial concentration C I provokes an increase of the supersaturation achieved in the crystallizations. 3.2. Crystallization Outcome. Powder Characterization and Effect of Process Parameters on Particle Size. In all experiments summarized in Table 1 finely divided powders with micrometric size and homogeneous and defined morphology were obtained. Figure 3 shows some representative SEM images of the particles produced by the crystallization experiments. Crystals of aspirin and cholesterol consist of finely shaped prisms with irregular edges and very well developed basal faces. Plate-like crystals of homogeneous morphology and with very developed basal faces are obtained from the crystallization of naproxen. Aspirin, cholesterol, and naproxen crystals have an especially low aspect ratio. Ibuprofen particles show plate-like crystals of irregular shape. Acetaminophen processed particles show well-faceted prismatic crystals.
The particulate samples of the model drugs produced by the process studied were highly crystalline and consisted of pure polymorphic phases, as happened when processing stearic acid. 19 As can be seen in Figure 4 , powder X-ray diffraction (PXRD) patterns of processed aspirin particles and raw aspirin particles correspond to the most usual polymorph of aspirin described so far, the PXRD pattern of which has been simulated from its crystalline structure. 20, 21 Some differences in the relative peak intensities of raw aspirin are found probably due to the preferred orientation of microcrystals caused by the high particle size and plate-like morphology of the starting material. Processed cholesterol and raw cholesterol show the same PXRD pattern and correspond to the anhydrous and most stable polymorph of cholesterol at room temperature. 22 The PXRD pattern of this polymorph has been simulated from the single crystal structure. The same results concerning polymorphism were observed when comparing naproxen, acetaminophen, and ibuprofen processed by the method studied with their corresponding starting materials (also shown in Figure 4 ), after processing the crystal form is the same as that of the starting material. This form corresponds to the most stable polymorph of acetaminophen, 23 and the other to the only reported crystalline structures of naproxen 24 and ibuprofen.
25
Starting materials lead to PXRD patterns with some variations on peak relative intensities in relation to those obtained from the processed particles patterns probably due to preferred orientation. By TG analysis we have observed that the amount of residual solvent in all processed samples is below the standard ICH acceptable limits for class 3 solvents (5000 ppm). 5 TG analyses do not show mass lost during heating from room temperature to 373.15 K, so there is no need for further drying steps.
3.2.1. Effect of Operational Parameters on Drug Particle Size. Table 2 shows the crystallization yields and particle size distributions obtained, as well as the real supersaturation ratio S achieved in each crystallization experiment, which has been calculated from the initial concentration C I and the drug solubility at the depressurization temperature C F S (shown in Table 1 ).
Different particle size distributions were obtained depending on the operating conditions. Crystallization of aspirin from CO 2 -expanded acetone gave powder samples with a medium particle diameter between 14 and 31 μm, depending on the operating conditions. By processing cholesterol from the same solvent mixture, particle sizes between 0.5 and 2 μm were straightforwardly achieved. Volumetric particle size distributions show an important fraction (10%) of cholesterol particles included in the sub-micrometer range. The low uniformity index indicates a narrow particle size distribution. Naproxen processed particles have a medium particle size of 10 μm. Ibuprofen particles present a medium particle size of 8 μm, while acetaminophen particles have a medium diameter of 19 μm.
Crystallization experiments of aspirin (ASP) and cholesterol (COL), shown in Table 1 , were carried out at different values of initial solute concentration (C I ) and CO 2 molar fraction (X W ) to gain a better insight into the effects of these operational parameters on the characteristics of the processed drugs, in terms of particle size.
Experiments ASP1-ASP2 and COL1-COL2 were performed over initial solutions of aspirin and cholesterol, respectively, varying the CO 2 content, X W , while keeping constant the rest of process parameters. As shown in Table 2 , under these conditions, aspirin medium particle size decreases from 31.4 to 23.4 μm when X W is increased from 0.40 to 0.47, and cholesterol medium particle size decreases from 1.2 to 0.5 μm when the CO 2 content is increased from 0.50 to 0.64. As discussed in section 3.1, this result can be explained by the larger temperature reduction achieved during the depressurization step (ΔT): augmenting this temperature reduction ΔT provokes a decrease in C S F , and a more pronounced increase of the supersaturation attained during the depressurization of the . X-ray powder diffraction spectra of (a) aspirin; (b) cholesterol; (c) naproxen; (d) acetaminophen; and (e) ibuprofen. For each product the lower trace corresponds to the pattern of the starting material, the middle one to the processed particles, and the upper to the simulated diffractograms of the most common polymorph reported for aspirin, the most stable polymorph of cholesterol at room temperature, acetaminophen polymorph I and the unique reported ibuprofen crystalline structure. Table 2 . Supersaturation and Crystallization Outcome: Yield and Particle Size Distribution g Crystallization yield = 100·(recovered mass of solids/initial mass of solids).
h Volumetric particle size distributions are described by d(0.1), d(0.5), and d(0.9), which are the particles diameters (μm) under which there are 10%, 50%, and 90% of the total volume of the particles, respectively. d(0.5) is the volume median particle diameter. CO 2 -expanded solution ( Step 3 in Figure 1 ), that favors nucleation over crystal growth, therefore obtaining smaller particle sizes.
To test the effect of the initial solute concentration (C I ), experiments ASP3-ASP4 and COL3-COL4 were performed varying C I while keeping constant the rest of the operating parameters. As expected, for each solute, at constant P W , T W , and CO 2 content, particle size decreases with increasing C I . In aspirin experiments ASP3-ASP4, increasing C I from 3.5 × 10 −2 mol/mol to 5.2 × 10 −2 mol/mol results in a medium particle size reduction from 30.5 to 16.5 μm, due to an increase of the supersaturation ratio S from 1.3 to 1.9. Cholesterol crystallizations COL3-COL4 showed a particle reduction from 2.1 to 1.2 μm when C I was increased from 2.6 × 10 −3 mol/mol to 3.8 × 10
−3 mol/mol, which caused S to rise from 9 to 13.
In summary, the higher the X W and C I values, the higher the supersaturation attained in the experiment, which contributes to a decrease the size of the crystals produced. Nevertheless, X W and C I cannot be increased without limit, since the drug solubility behavior in the CO 2 -expanded solvent limits the operating conditions (see Figure 2) .
Experiments ASP2-ASP3 ( Figure 2 ) and COL2-COL3, performed along the solubility curve, were used to compare the weight of C I and X W parameters on the supersaturation achieved and on particle characteristics, and discern which parameter yields a more important decrease in particle size. Results in Table 2 show that experiment ASP3, performed at lower C I and higher X W (C I = 5. The reason for the observed different weights of C I and X W on particle characteristics of aspirin and cholesterol experiments can be rationalized as follows, taking into account the supersaturation evolution which occurred during the three steps of the process studied, represented in Figure 1 .
Absolute supersaturation values ΔC for experiments ASP2-ASP3 and COL2-COL3, also shown in Table 2 , have been represented in Figure 5 , using the solubility evolution of aspirin and cholesterol with temperature, also represented in the same figure as curves fitted to experimental solubility measurements. As Figure 5 shows, in the temperature range studied aspirin solubility in acetone decreases linearly with decreasing temperature. Therefore, in aspirin crystallizations, achieving a lower depressurization temperature results in a remarkably lower solubility at T F . When comparing supersaturation values of experiments ASP2-ASP3, it can be observed that ΔC ASP3 (0.024 mol/mol) is slightly higher than ΔC ASP2 (0.022 mol/ mol), since the difference between solubility at the final temperature, C F S , of ASP3 and ASP2 is higher than the difference between the initial concentrations C I of both experiments. This observation explains the higher particle size reduction obtained in ASP3. In contrast, Figure 5 shows that for cholesterol experiments, ΔC COL2 (0.0048 mol/mol) is remarkably higher than ΔC COL3 (0.0035 mol/mol). The solubility variation of cholesterol in acetone shows an exponential behavior, with no significant variation of solubility at temperatures below 275 K. As discussed before, increasing the CO 2 content X W results in a decrease in the depressurization temperature T F . In this case, increasing the CO 2 content of the mixture to reach a lower T F will not result in a significant increase of the supersaturation attained, and the variation of the initial concentration C I will produce a more pronounced effect on the supersaturation achieved in the crystallization. In experiments COL2-COL3, the difference in supersaturation is governed by the difference in the initial concentration.
Therefore, in ASP3 and COL2 it has been possible to reach higher supersaturation values, and consequently higher nucleation rates, than in ASP2 and COL3, respectively, allowing the formation of smaller particle sizes. Summarizing, in aspirin experiments performed over the solubility curve, an increase in X W is more dominant producing higher supersaturations than an increase in C I . Conversely, in cholesterol experiments higher C I values are revealed as more important than higher X W values, since cholesterol solubility (C F S ) does not change significantly from 275 K to lower temperatures, whereas the solubility of aspirin changes linearly with temperature. Therefore, it is possible to predict the relative weight of process parameters C I and X W on particle characteristics by simply determining the solubility variation with temperature of the compound to be crystallized in the corresponding organic solvent at atmospheric pressure.
It should also be pointed out that yields obtained in cholesterol crystallizations are remarkably higher than those obtained in aspirin crystallizations from acetone/CO 2 . Experiment COL2 produced a yield of 85% in mass of particles produced, whereas ASP3 produced a 40% yield. The reason for the difference in effectiveness of the crystallization process studied is again a consequence of the different solubility rise with temperature seen in Figure 5 . In cholesterol experiments, Figure 5 . Solubility versus temperature evolution of (top) aspirin and (bottom) cholesterol in acetone solutions. Experimental measurements ( ■ ) obtained through a static gravimetric method were fitted to linear and exponential functions for aspirin and cholesterol, respectively. Degrees of absolute supersaturation ΔC = C I − C F solubility at T F is an order of magnitude lower than solubility at T W (10 −4 mol/mol vs 10 −3 mol/mol). This fact allows the production of a very powerful supersaturation increase during the depressurization step provoking the crystallization of most of the compound dissolved before this step. On the other hand, in aspirin experiments from expanded acetone, when temperature decreases from T W to T F , the solubility of the compound is only lowered to a half. Hence, the supersaturation generated is less important than in the case of cholesterol and consequently an important mass of aspirin remains in solution despite the temperature decrease. However, as Table 2 shows, experiment ASP5 performed using expanded ethanol gave an 80% yield of powdered aspirin, compared with 40% obtained in ASP4 from expanded acetone. Crystallization yield of processed aspirin can be remarkably improved by using CO 2 expanded ethanol as the medium, since solubility variation with temperature of aspirin in ethanol is higher than that in acetone.
INDUSTRIAL VIABILITY OF THE DELOS PROCESS
The process studied was successfully scaled-up by 7-fold from laboratory (300 mL vessel volume) to pilot plant scale (2000 mL) by performing precipitation experiments using aspirin as a model drug. Experiments at each scale were repeated twice with reproducible results. The results, summarized in Table 3 , show an extremely high reproducibility, both in terms of particle size and precipitation yield. The scale-up design was simply done by geometric factors, since the technical complexity of the required equipment is very low. Compared with conventional crystallizations from liquid solvents, the inherent features of the crystallization process studied make it very easy to scale-up, avoiding classical scaling-up troubles such as those related to agitation. In conventional cooling crystallizations, the stirring rate and the stirrer design determine the supersaturation homogeneity and therefore the homogeneity in particle size. When scaling up, this parameter becomes critical: the bigger the crystallization vessel, the bigger the gradient temperature from the vessel walls to the center, giving very heterogeneous supersaturation profiles and poor reproducibility which complicate scale-up thereof. Since in the process studied the stirring is only used in the pressurization step, to achieve a faster mixing of the CO 2 with the organic solvent, and it is not needed in the depressurization step, where the crystallization occurs, the homogeneity of the supersaturation achieved is independent of the vessel volume and the stirring rate is not affecting the final characteristics of the precipitated particles. Another remarkable point which eases a scale-up design of the reported crystallization method is the fact that the depressurization takes place by just opening a simple valve.
Even so, the industrial application of this process will only be possible if, at the present process development stage, it can be shown to be industrially viable from the technical, economical, and environmental points of view. For this purpose, in a recent study, we have evaluated the feasibility of this crystallization method for the industrial production of micrometer or submicrometer-sized particulate drugs. 13 On the basis of experimental data, we first designed a cGMP (Good Manufacturing Practices) multiproduct plant for producing 50 tonnes of micrometer-sized APIs per year. The design turned out to be perfectly viable according to GMP's rules, since the following characteristics, among others, are easily achieved: process parameters are easily registered; closed equipment is used, avoiding exposure of the workers to the products and exposure of the products to the atmosphere, and the entire process is performed in a single area, avoiding transport and loss of material from unit to unit and decreasing product contamination risks. Compared with conventional multistep procedures, decreasing process units also simplifies the related quality documentation. The high reproducibility and batch-tobatch consistency of the process studied also allow the recirculation of the mother liquor in the subsequent crystallization cycle, which has been limited to a given number of recirculations. Finally, the cleaning of the equipment after each batch can be done by using CO 2 -expanded solvents at high pressure, and its efficiency evaluated by analyzing samples of the cleaning solvent.
From the technical point of view, the equipment needed for building an industrial plant is already available. During recent years, industrial supercritical CO 2 extraction facilities, which use similar pressure vessels and related equipment, and which work at higher working pressures and use bigger vessel volumes than the ones required for a plant working under the methodology described, have been produced around the world. 26 Hence, technically, an industrial scale-up is perfectly viable.
The evaluation of the environmental sustainability of this process, compared with conventional crystallizations from liquid solvents, also showed very interesting results. Figure 6 represents the sustainability indexes of the designed plant versus a real conventional crystallization pharmaceutical plant of the same capacity. Sustainability indexes are quantitative indicators that account for the necessary amount of materials, energy, water needed, and contamination emitted for producing 1 kg of product. 27 The materials index represents the kilogram of consumed raw materials per kilogram of final product, the energy index accounts for the kilogram of consumed natural gas (kilogram of gas equivalents to kJ of gas, oil, electricity, and steam) per kilogram of final product, the water index represents the kilogram of water consumed (process and utility water) per kilogram of final product, and the contamination index shows the kilogram of greenhouse gases emitted per kilogram of final product. Sustainability indexes have been calculated from mass and energy balances. In all cases, the indexes of the designed plant were significantly lower than the corresponding to the conventional crystallization plant, meaning that the studied crystallization process is a greener and environmentally more friendly process than conventional pharmaceutical crystallization procedures.
Preliminary economic aspects were also estimated. The total capital investment required for the CF-based plant, estimated from equipment costs, according to the multiplying factors method reported by Peter, Timmerhaus and West, 28 turns out to be much lower (∼10 times lower) than the investment required for a real pharmaceutical crystallization plant of the same capacity. 13 Thus, the comparison of environmental and economic aspects of the designed plant with real conventional multistep crystallization processes, reveals important and attractive advantages of the CO 2 -based process.
CONCLUSIONS
The DELOS process, based on the use of compressed fluids, is an efficient crystallization method for the one -step production of crystalline micrometer-sized particles of active pharmaceutical ingredients, such as aspirin, cholesterol, naproxen, ibuprofen, and acetaminophen, with high polymorphic purities and no detectable residual solvent content by TGA. In addition, the actual particle size of the processed powders can be modulated by controlling operational parameters, such as the CO 2 content of the expanded solution, and the concentration of the initial solution. The influence of these process parameters on nucleation rates and on products characteristics can be predicted from solubility data through the methodology presented here for the first time. This new process can provide real advantages over conventional crystallization processes, such as (1) high purity products, (2) control of crystal polymorphism, (3) in-process elimination of residual solvent/ reduction of residual solvent levels, (4) processing of thermolabile and waxy compounds, (5) single-step in singlearea process, (6) easy and reproducible scale-up, (7) environmentally friendly technology, (8) technically and economically viable process at industrial scale.
However, the slow implementation rates of compressed fluids-based methodologies at industrial level could be attributed to the strict and inflexible requirements that pharmaceutical companies have to satisfy for changing their production procedures. ■ ACKNOWLEDGMENTS
